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Introduction {#jah31690-sec-0004}
============

Stroke is a leading cause of death worldwide, but there are limited effective therapeutic strategies available.[1](#jah31690-bib-0001){ref-type="ref"} Neuroinflammation plays a key role in stroke‐induced brain injury,[2](#jah31690-bib-0002){ref-type="ref"}, [3](#jah31690-bib-0003){ref-type="ref"} as the neuroinflammatory response exists in all stages of the ischemic cascade, from early arterial occlusion to late brain injury.[4](#jah31690-bib-0004){ref-type="ref"} It is well known that macrophages (MΦs) prominently aggravate brain infarction,[5](#jah31690-bib-0005){ref-type="ref"} but the underlying mechanisms remain unknown.

MΦ activities in the ischemic brain are regulated by many inflammatory factors, including chemokines.[6](#jah31690-bib-0006){ref-type="ref"}, [7](#jah31690-bib-0007){ref-type="ref"}, [8](#jah31690-bib-0008){ref-type="ref"} Chemokines are small polypeptide molecules that vary in molecular weight from 8 to 15 kDa and are classified into 4 subgroups: CC, CXC, XC, and CX3C.[6](#jah31690-bib-0006){ref-type="ref"}, [9](#jah31690-bib-0009){ref-type="ref"}, [10](#jah31690-bib-0010){ref-type="ref"} CXCL4 in the CXC subgroup plays important roles in neuroinflammation.[11](#jah31690-bib-0011){ref-type="ref"}, [12](#jah31690-bib-0012){ref-type="ref"}, [13](#jah31690-bib-0013){ref-type="ref"}, [14](#jah31690-bib-0014){ref-type="ref"} In addition, the CC chemokine CCL5 regulates leukocyte migration. The interaction between CCL5 and its receptor CCR5, can produce many biological effects, such as the inflammatory response, cytophylaxis, and signal transcription.[15](#jah31690-bib-0015){ref-type="ref"} Importantly, CXCL4 and CCL5 can form a heterodimer, CXCL4‐CCL5, which significantly enhances the effect of CCL5 in mediating the adhesion and migration of monocytes during inflammation. How CXCL4‐CCL5 is involved in stroke‐induced brain injury and neuroinflammation has not been studied.

CXCL4‐CCL5 heterodimer formation can be reversed by MKEY, a mouse CCL5‐based synthetic cyclic peptide, which competes with CXCL4 for CCL5 binding sites, thus releasing CXCL4 from existing heterodimers.[16](#jah31690-bib-0016){ref-type="ref"} The efficacy of MKEY interrupting CXCL4‐CCL5 heterodimer formation has been confirmed.[16](#jah31690-bib-0016){ref-type="ref"} It has been shown that MKEY suppresses abdominal aortic aneurysm formation by modulating inflammation.[17](#jah31690-bib-0017){ref-type="ref"} We therefore tested the hypothesis that MKEY also protects against stroke in mice by affecting MΦ activity.

MΦs derive from brain resident microglia and circulating monocytes. Resident microglia are activated immediately and transformed into MΦs after stroke onset Blood monocytes are then recruited a few hours after stroke onset and differentiate to MΦs. Microglia‐derived MΦs (MiMΦs) and monocyte‐derived MΦs (MoMΦs) are morphologically similar but distinguishable by flow cytometric analyses using the MΦ surface markers CD45^int^CD11b^+^ and CD45^hi^CD11b^+^, respectively. Moreover, MΦ activity can be further analyzed by other markers, including Ly6C, CCR2, and CX3CR1. We thus studied how MKEY injection affects the accumulation of MΦs and their subsets.

Materials and Methods {#jah31690-sec-0005}
=====================

All experimental procedures were approved by the Stanford University Administrative Panel on Laboratory Animal Care, and experiments were conducted in accordance with the guidelines of Animal Use and Care of the National Institutes of Health and Stanford University. All efforts were made to minimize the number of animals used, stress, and pain.

Focal Cerebral Ischemia Model {#jah31690-sec-0006}
-----------------------------

Male C57BL/6J mice, aged 10 weeks and weighing nearly 25 g, were purchased from The Jackson Laboratory (Bar Harbor, ME). Anesthesia was introduced with 5% isoflurane and maintained at 1% to 2% during surgery. The surgeon then exposed the left common carotid artery, internal carotid artery, and external carotid artery by making a midline neck incision, as described in our previous studies.[5](#jah31690-bib-0005){ref-type="ref"}, [18](#jah31690-bib-0018){ref-type="ref"} A 6‐0 silicone‐coated nylon suture (Doccol Corporation, Sharon, MA) was introduced into the common carotid artery through an incision, and the suture was advanced about 9 mm beyond the carotid bifurcation to occlude the middle cerebral artery (MCA) for 60 minutes.[19](#jah31690-bib-0019){ref-type="ref"}, [20](#jah31690-bib-0020){ref-type="ref"}, [21](#jah31690-bib-0021){ref-type="ref"} A rectal probe was inserted to monitor body core temperature, which was maintained at 37±0.5°C with a surface heating pad during the entire procedure. The animals were allowed to wake up and returned to their cages during MCA occlusion. They were then reanesthetized to remove the suture, ligate the artery, and close the incision. In the sham group, the same surgery was conducted but without inserting the suture into the MCA. A total of 85 mice, including 14 mice with sham surgery and 71 mice with stroke, were used for the whole experiment.

Drug Injection {#jah31690-sec-0007}
--------------

In the treatment group, the mice were injected intravenously with MKEY (molecular weight 2.9 kDa. Formula CT‐2009ca, Carolus Therapeutics, La Jolla, CA) immediately and 3, 24, and 48 hours after reperfusion, for a total of 4 injections. The dosage was 20 mg/kg per injection, which was selected based on a previous study treating abdominal aortic aneurysm (AAA) disease.[17](#jah31690-bib-0017){ref-type="ref"} In that study, 2 dosages were compared, 10 and 20 mg/kg, and it was found that the latter showed stronger protection, which significantly inhibited leukocyte migration. In the control group, vehicle alone (CT‐2009 "MKEY" vehicle, Carolus Therapeutics, La Jolla, CA) with a volume equal to MKEY was administered at the identical time points.

Neurological Deficit Scores and Infarct Size Measurements {#jah31690-sec-0008}
---------------------------------------------------------

The neurological deficit score of the mice was estimated 72 hours after stroke using a neurological grading score from 0 (no observable neurological deficit) to 4 (unable to walk spontaneously and with a depressed level of consciousness) by an evaluator who was blinded to the experimental treatments, as previously described.[5](#jah31690-bib-0005){ref-type="ref"}

The experimental mice were deeply anesthetized with isoflurane and decapitated 72 hours after cerebral ischemia. Brains were cut into 4 coronal sections and stained with 2% 2,3,5‐triphenyltetrazolium chloride (TTC; Sigma‐Aldrich, St. Louis, MO) at 37°C for 15 minutes and fixed in 4% paraformaldehyde for 24 hours. Infarct size was measured using Image J software (1.37v; Wayne Rasband, available through National Institutes of Health), normalized to the volumes of the nonischemic hemisphere to exclude the effect of cerebral edema induced by ischemia on the infarct size, and expressed as percentages of the hemisphere.[22](#jah31690-bib-0022){ref-type="ref"}

Western Blot Analysis {#jah31690-sec-0009}
---------------------

To detect the expression levels of CCL5 in stroke mice, Western blot was performed as previously described.[23](#jah31690-bib-0023){ref-type="ref"} Samples were harvested 72 hours after ischemia, gently homogenized in cold lysis buffer (10 mmol/L 4‐2‐hydroxyethyl‐1‐piperazine‐ethanesulfonic acid \[pH 7.9\], 1.5 mmol/L MgCl~2~, 10 mmol/L KCl, 1 mmol/Ldithiothreitol) and protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN), and then centrifuged. The supernatants were collected and used for analysis. Protein concentrations were measured using bicinchoninic acid (Pierce Chemicals, Rockford, IL). Proteins (36 μg) were loaded into each lane, separated with 4% to 15% polyacrylamide gels (Bio‐Rad, Hercules, CA), and electrotransferred to Immobilon polyvinylidene fluoride membranes (Millipore Corp, Billerica, MA). Membranes were blocked with 5% nonfat dry milk in phosphate‐buffered saline (PBS) with 0.1% Tween 20 for 1 hour, and incubated with 1:250 anti--mouse CCL5 antibody (R&D Systems Inc, Minneapolis, MN) overnight at 4°C. They were then washed 3 times with 0.1% Tween in PBS, then incubated with 1:1000 secondary antibody (Cell Signaling, Danvers, MA) for 2 hours at room temperature, and washed 3 times with 0.1% Tween in PBS. Signals were detected with ECL reagent (Amersham, Piscataway, NJ). β‐Actin was used as an internal control. Densitometric analysis of bands was performed with Image J software.

Fluorescence‐Activated Cell Sorting (FACS) Analysis {#jah31690-sec-0010}
---------------------------------------------------

Mice were euthanized with an overdose of isoflurane 72 hours after stroke onset and perfused with 50 mL cold PBS. Their brains were collected and homogenized on ice using FACS buffer (PBS containing 1% fetal bovine serum) up to 7 mL, mixed with 3 mL of 90% Percoll (GE Healthcare, Little Chalfont, UK), and loaded with 1 mL 70% Percoll under cell suspension. Then the samples were centrifuged at 500*g* for 30 minutes at 4°C. Leukocytes at the interphase were collected and washed with FACS buffer. Then cells were resuspended for FACS analysis.[18](#jah31690-bib-0018){ref-type="ref"} Cell suspensions were labeled with antibodies against CD45, CD11b, Ly6C (BioLegend Inc.), CCR2, and CX3CR1 (R&D Systems Inc) on ice for 30 minutes in the dark. Cell surface molecule expression measurement was performed on the BD LSR II flow cytometer using Diva software (v6.1.2, Becton Dickinson, Franklin Lakes, NJ) and analyzed using FlowJo (Ashland, OR) software (v7.6.2, Tree Star).

Tissue Immunofluorescence Staining {#jah31690-sec-0011}
----------------------------------

Mice were euthanized with an overdose of isoflurane and perfused with icy PBS and 4% PFA at 72 hours after stroke as previously described.[5](#jah31690-bib-0005){ref-type="ref"} The brains were cut into 6 2‐mm blocks from rostral to caudal. Blocks 3 to 5, which were within the infarct area, were selected and sectioned into 50 μm slices on a cryostat. One slice from each block was randomly chosen; thus, a total of 3 slices from each animal were selected for immunostaining. Immunofluorescence staining was carried out with moderate shaking. Sections were washed with 0.1 mmol/L PBS (pH 7.4) and incubated for 1 hour with blocking solution (0.1 mmol/L PBS, 5% equine serum). After washing, sections were incubated overnight at 4°C with a rat anti--mouse CD68 antibody (diluted 1:200; MCA1957GA; AbD Serotec, Raleigh, NC), a marker for reactive MΦs/microglia, or a rabbit anti--human myeloperoxidase (MPO) antibody (cross‐reacted with mouse MPO, diluted 1:50; Cat\# A0398; Dako North America, Inc, Carpinteria, CA). Sections were then rinsed and incubated for 2 hours at room temperature with an Alexa 488‐conjugated goat anti‐rabbit (for MPO) or Alexa 488‐conjugated goat anti‐rat (for CD68‐positive MΦs/microglia, diluted 1:200; Invitrogen, Carlsbad, CA) antibodies. The sections were then washed and covered using Vectashield mounting medium with 4′,6‐diamidino‐2‐phenylindole (DAPI) (Vector Laboratories, Burlingame, CA). A negative control without primary antibodies was performed in parallel.

The expression of CD68 or MPO was investigated using the optical fractionator method on epifluorescent photomicrographs (Zeiss axiovert inverted scanning microscope; Zeiss, Jena, Germany). On each slice stained with antibodies, a region that was 400 μm away from the ischemic border was defined as the ischemic core. Positively stained cells (for both CD68 and MPO) in the predefined infarct area were counted using Image J software, and a mean number of positive cells was calculated from the 3 selected slices. All counts were performed on coded sections to blind the investigator to the treatment group.

Statistical Analysis {#jah31690-sec-0012}
--------------------

All values were expressed as mean±SE, and were analyzed using GraphPad Prism 5 (GraphPAD Software for Science, La Jolla, CA). Nonparametric tests were used for comparing infarct sizes, neurological scores, CCL‐5 expressions, and immunostaining results between vehicle and MKEY groups. Two‐way analysis of variance (ANOVA) (vehicle versus MKEY and stroke versus sham) was performed for FACS results, followed by a Bonferroni post‐hoc test. A *P*\<0.05 was considered statistically significant.

Results {#jah31690-sec-0013}
=======

MKEY Injection Reduced Infarct Sizes and Improved Neurological Scores After Stroke in Mice {#jah31690-sec-0014}
------------------------------------------------------------------------------------------

We first examined the protective effect of MKEY injection on stroke outcomes. The results showed that infarction was significantly reduced in the MKEY group (Figure [1](#jah31690-fig-0001){ref-type="fig"}A), and the neurological scores were also significantly improved 3 days after stroke in mice (Figure [1](#jah31690-fig-0001){ref-type="fig"}B).

![The effect of MKEY injection on infarction and neurological scores measured 72 hours after stroke. A, Left: Representative TTC staining images for infarction in mice treated with vehicle and MKEY. Right: Infarct volumes expressed as a percentage of the nonischemic hemisphere. B, Neurological scores in mice treated with vehicle and MKEY. n=9 to 11/group. \**P*\<0.05 compared to vehicle.](JAH3-5-e003615-g001){#jah31690-fig-0001}

CCL5 and CCR5 Expression was Increased in the Ischemic Hemisphere {#jah31690-sec-0015}
-----------------------------------------------------------------

As the major role of MKEY is to prevent formation of the CXCL4--CCL5 heterodimer, it was essential to examine whether CCL5 expression was increased after stroke. The Western blot results showed that CCL5 expression was significantly increased in the ischemic brain measured 3 days after stroke (Figure [2](#jah31690-fig-0002){ref-type="fig"}).

![CCL5 expression was increased and measured 72 hours poststroke. A, Representative Western blots for CCL5 at 10.2 kDa in sham surgery and stroke brain. B, Quantification of CCL5 protein levels in sham and stroke brain. n=3/group. \**P*=0.05 vs sham.](JAH3-5-e003615-g002){#jah31690-fig-0002}

In addition, as CCL5 executes its effect by stimulating its receptor CCR5, we also quantified surface CCR5 expression on MΦs using flow cytometry. We found that CCR5 expression was robustly increased in both MiMΦs and MoMΦs in the ischemic brain measured 3 days after stroke (Figure [3](#jah31690-fig-0003){ref-type="fig"}).

![CCR5 expression was increased in both MiMΦs and MoMΦs. A, Representative FACS gates for MiMΦs (CD45^int^ CD11b^+^ cells) and MoMΦs (CD45^hi^ CD11b^+^) are shown. B, Representative FACS plots for CCR5 and CX3CR1 expression on gated MiMΦs isolated from sham and stroke brain are shown. C, Representative FACS histograms for CCR5 expression on peripheral blood or brain CD45^hi^ CD11b^+^ cells in mice with sham surgery or stroke.](JAH3-5-e003615-g003){#jah31690-fig-0003}

MKEY Significantly Attenuated the Number of Infiltrating MoMΦs {#jah31690-sec-0016}
--------------------------------------------------------------

We further analyzed how MKEY injection affected MΦs and their subtypes in the ischemic brains 3 days after stroke. As discussed, MΦs can be classified into MiMΦs and MoMΦs as CD45^int^CD11b^+^ and CD45^hi^CD11b^+^, respectively. In addition, their subgroups can be identified by surface CCR2 and Ly6C expression.[24](#jah31690-bib-0024){ref-type="ref"} CX3CR1 is expressed on monocytes, dendritic cells, natural killer cells, and cytotoxic effector T cells in the periphery, and is involved in inflammatory processes.[25](#jah31690-bib-0025){ref-type="ref"}, [26](#jah31690-bib-0026){ref-type="ref"}, [27](#jah31690-bib-0027){ref-type="ref"} In the brain, CX3CR1 is mostly expressed on microglia and is important to maintain normal microglial activity.[27](#jah31690-bib-0027){ref-type="ref"}, [28](#jah31690-bib-0028){ref-type="ref"} Our results show that numbers of both MiMΦs and MoMΦs were significantly increased in the ischemic brains (Figure [4](#jah31690-fig-0004){ref-type="fig"}). MKEY injection significantly attenuated the number of MoMΦs, but not MiMΦs. Accordingly, MKEY injection also significantly inhibited the number of CCR2, Ly6C, and CX3CR1 subsets of MoMΦs, but not those of MiMΦs (Figure [4](#jah31690-fig-0004){ref-type="fig"}).

![MKEY injection reduced numbers of MoMΦs and their subsets, but not those of MiMΦs, in the ischemic brain 72 hours after stroke. A, Gating strategies to identify MiMΦs and MoMΦs, as well as their subsets, CD45^hi^ CD11b^+^ CCR2^+^, CD45^hi^ CD11b^+^Ly6C^+^, CD45^hi^ CD11b^+^ CX3CR1^+^, CD45^int^ CD11b^+^ CCR2^+^, and CD45^int^ CD11b^+^ CX3CR1^+^ in the ischemic brain. B, Quantification of MΦ numbers and their subsets in mice treated with vehicle or MKEY, with sham or stroke surgery. \*, \*\*, \*\*\*, vs sham surgery, *P*\<0.05, 0.01, 0.001, respectively; ^\#^, ^\#\#^, between the 2 indicated groups, *P*\<0.05, 0.01, respectively.](JAH3-5-e003615-g004){#jah31690-fig-0004}

MKEY Injection Reduces the Infiltration of CD68‐ and MPO‐Expressing Cells {#jah31690-sec-0017}
-------------------------------------------------------------------------

Lastly, we also examined CD68‐labeled MΦs and MPO‐expressing neutrophils using confocal microscopy. Our results showed that a large number of MΦs and neutrophils were detected in the ischemic brain, and MKEY injection significantly inhibited their infiltration (Figure [5](#jah31690-fig-0005){ref-type="fig"}).

![MKEY treatment poststroke reduced the infiltration of CD68^+^ and MPO ^+^ cells. A, A square area in a coronal brain section stained with cresyl violet was predefined and used for counting immunostained cells. B, Representative immunofluorescence staining for CD68, MPO, and DAPI (control) from vehicle and MKEY‐treated animals euthanized 72 hours after stroke. C, Quantification of CD68‐ and MPO‐positive cells in the predefined area. N=5/group. Bar: 20 μm. \**P*\<0.05 compared to vehicle.](JAH3-5-e003615-g005){#jah31690-fig-0005}

Discussion {#jah31690-sec-0018}
==========

We demonstrate the first evidence that MKEY, the inhibitor of CXCL4‐CCL5 heterodimer formation, can significantly decrease infarct size and attenuate neurological scores after stroke in mice, suggesting that CXCL4‐CCL5--mediated neuroinflammation contributes to brain injury. Indeed, we have confirmed that the expression of CCL5 was increased in the ischemic hemisphere, and its receptor CCR5 was increased in both MiMΦs and MoMΦs, suggesting that CCL5 and its receptor CCR5 are involved in ischemic brain injury. In addition, we found that MKEY robustly reduced the number of infiltrating MoMΦs, but not MiMΦs, indicating that inhibition of MoMΦs may play a crucial role in the protective effects of MKEY. Lastly, we further confirmed that MKEY attenuated the number of total CD68‐positive MΦs and MPO‐positive neutrophils as measured by confocal microscopy.

Previous studies have demonstrated that CCL5 is a proinflammatory chemokine with an important role in recruiting leukocytes to inflammatory sites.[29](#jah31690-bib-0029){ref-type="ref"} However, the role of CCL5 in ischemic stroke remains controversial. CCL5 is involved in cerebral microvascular dysfunction, inflammation, and tissue damage produced by cerebral ischemia and reperfusion.[30](#jah31690-bib-0030){ref-type="ref"} Dénes et al have shown that chronic systemic infection exacerbated ischemic brain injury through a CCL5‐mediated proinflammatory response in mice.[31](#jah31690-bib-0031){ref-type="ref"} In contrast, Tokami et al have shown that CCL5 has the potential to protect neurons by producing neurotrophic factors.[32](#jah31690-bib-0032){ref-type="ref"} In addition, CCL5 levels were reported by Montecucco et al to be increased in the serum of stroke patients,[33](#jah31690-bib-0033){ref-type="ref"} and significant levels of CCL5 were shown by Canouï‐Poitrine et al to be independent predictors of ischemic stroke,[34](#jah31690-bib-0034){ref-type="ref"} whereas Zaremba et al reported no elevation of CCL5 serum levels in the first 3 days after ischemic stroke.[35](#jah31690-bib-0035){ref-type="ref"} In the current study, we found that expression of CCL5 was increased in the ischemic brain, as was CCR5 expression in MΦs, suggesting that CCL5 and CCR5 may play pathogenic roles in brain damage after stroke.

CCL5 forms a heterodimer with CXCL4, which increases its efficacy in stimulating CCR5. Grommes et al have shown that CXCL4‐CCL5 heterodimers can cause lung edema, neutrophil infiltration, and tissue damage, all of which were inhibited by MKEY, the inhibitor of CXCL4‐CCL5 heterodimer formation.[36](#jah31690-bib-0036){ref-type="ref"} We previously found that MKEY treatment strongly decreased aortic monocyte/MΦ infiltration and thus suppressed formation and progression of experimental abdominal aortic aneurysms.[17](#jah31690-bib-0017){ref-type="ref"} These previous studies suggest that MKEY acts as an inflammation inhibitor. Consistent with these findings, our current results demonstrate that injection of MKEY can also reduce infarction by attenuating neuroinflammation.

MΦs in the ischemic brain consist of MiMΦs and MoMΦs, which can be identified as CD45^int^CD11b^+^ and CD45^hi^CD11b^+^e. In addition, MoMΦs can be further classified as pro‐ and anti‐inflammatory based on the expression levels of CCR2, CX3CR1, and Ly6C. Our results showed that MKEY injection significantly inhibited numbers of MoMΦs and all of their subsets labeled by CCR2, Ly6C, and CX3CR1, but it had no effect on these markers of MiMΦs. These results indicate that inhibition of MoMΦs plays a more important role than that of MiMΦs in ischemic injury. The overall inhibitory effect of MKEY injection against the inflammatory response was confirmed by the confocal results, which suggests that MKEY inhibited the infiltration of CD68‐positive MΦs and MPO‐positive neutrophils in the ischemic brain.

We are aware that there are some limitations in our study. First, we did not study detailed therapeutic time windows for the protective effect of MKEY. Second, we did not test whether MKEY injection has long‐term protection against stroke. Third, we did not analyze CXCL4‐CCL5 formation with and without MKEY treatment. Fourth, we have no information regarding its capability of crossing the blood‐brain barrier (BBB). Nevertheless, the issue of BBB might not be critical, as the drug was injected after stroke, when BBB is open. In addition, MKEY exerts its effects mainly in the intraluminal space. In any case, these issues should be clarified in future studies.

In conclusion, our experiments indicate that MKEY protects against brain injury induced by stroke, mainly by preventing infiltration of circulating MoMΦs, and that inhibition of the CXCL4‐CCL5 heterodimer is a potential target for therapeutic intervention in stroke.
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